Introduction
Introduction of functional groups onto the surface of carbon nanotubes (CNT) is essential for many existing and potential applications 1 , such as improvement of CNT's solubility [2] [3] [4] [5] in various solvents, reinforcement and thermal properties of polymers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , sensing applications [20] [21] [22] [23] [24] [25] [26] [27] [28] , bio- 29, 30 and medical applications 31, 32 etc.
There is an increasing interest in the synthesis of CNT functionalised with substituents with multiple functional groups, e.g. ethylenediamine and other polyamines, because they may serve as useful precursors for further functionalisation. For example, CNT with terminal ethylenediamine moieties were successfully used for the production of metal nanoparticle based catalysts [33] [34] [35] [36] [37] [38] and incorporated in epoxy-polymer matrices [39] [40] [41] [42] .
CNT modified with polyamines are promising materials for carbon dioxide capture [43] [44] [45] .
The most common strategy for synthesis of multifunctional amino-derivatives consists of an oxidation step, leading to formation of carboxylic acid groups on the tube ends and defect sites, and the subsequent conversion of the acid groups to amides by using polyamines 13, 35, 37, 38, [46] [47] [48] [49] [50] [51] [52] [53] . Alternative approaches include addition of amino-functionalities by substitution reactions with fluorinated carbon nanotubes [54] [55] [56] [57] [58] [59] , or sidewall CNT functionalisation with in situ generated diazonium derivatives of diamines [60] [61] [62] .
There have also been a few publications concerning the direct covalent amino-functionalisation of CNT tips by exposure to vapours of amines 63, 64 at high temperatures and side-wall functionalisation of SWCNT using solutions of organic metal amides 65, 66 under mild conditions.
Lithium metal, with ethylenediamine as solvent, has been studied in the Benkeser hydrogenation 67, 68 and reductive alkylation/arylation 69 of CNT, however, no interaction of carbon nanotubes with ethylenediamine was considered and reported.
Here we report the simple one-pot grafting of both multiwall and singlewall CNT (MWCNT and SWCNT) with the 2-aminoethylamino substituent via direct interaction with ethylenediamine (EDA) or its mono lithium amide derivative (Li-EDA) as shown in scheme 1.
Scheme 1.
Functionalisation of MWCNT with Li-EDA.
In comparison and addition to the lab-scale amination of SWCNT in the presence of primary amine and BuLi studied previously 65 , our approach is more suitable for up-scaled production since it can be carried out at room or slightly elevated temperatures and, moreover, allows large volumes of highly flammable solvent such as THF or n-hexane to be avoided. In this paper we show the suitability of our method to SWCNT functionalisation, but focus mainly on finding the optimum conditions for the MWCNT covalent functionalisation, with moieties bearing multiple functional groups, which may be more interesting for materials applications.
Experimental
Materials. Elicarb MW high purity MWCNT powder and Elicarb SW high purity SWCNT were purchased from Thomas Swan &Co Ltd and were used in this study without further purification. According to manufacturer information (TEM †), MWCNT have a mean diameter of ca. 10 nm and consist of 5-8 walls.
From these values we estimated that ca. 20% of carbon is present in the outer wall †.
Ethylenediamine (1,2-diaminoethane), anhydrous, laboratory grade reagent was purchased from Fisher Scientific. EDA was additionally shaken over calcium hydride and distilled over sodium metal prior to reaction.
Lithium metal, general purpose reagent, was purchased from Fisher Scientific. Li was washed in hexane from mineral oil prior to reaction.
Terephtaloyl chloride (TPC, 97%), diethylenetriamine (DETA, 98%) and polyvinyl alcohol (PVA, 88%
hydrolyzed, MW 88000 Da) were purchased from Arcos Organics and used without additional purification.
MWCNT grafting with EDA. 60 ml of dry EDA (0.9 mol) was placed into a nitrogen-purged heat-dried reaction flask. 50 mg of Li (7.2 mmol) were added in small portions at room temperature. CNT/polyamide composites were prepared by adding 650 l (6 mmol) of DETA in 1 ml H 2 O to the CNT-TPC dispersion (prepared as described above from 0.8 -1.2 mg of either pristine MWCNT or CNT-EDA and ~50 mg of TPC) in 10 ml toluene under moderate stirring for 30 min. The obtained polyamide flakes were collected on filter paper and dried in air as a thick layer.
Analysis. XPS spectra were taken using a VG Sigma Probe instrument with a monochromated Al K alpha Source. C1s peak fit analysis of carbon nanotube species was performed using Renishaw Wire2 software.
FT-IR spectra were measured on a Smiths IlluminateIR microscope equipped with Smiths Detection ARO objective (x10); the IR spot size was 100m; the samples for IR measurements were prepared by drop casting thick dispersions of carbon nanotube materials in DMF on IR-reflective low-E glass slides. CNT IR spectral features have low intensity (on the level of 0.01 absorption units) and for all spectra a baseline subtraction procedure was used. The assignment of IR spectra was performed using IR and Raman charts. 70 Raman spectra were measured using a Renishaw inVia Raman microscope. The dry CNT samples, prepared by drop-casting on polished silicon wafers, were measured in a backscattering configuration. For D/G ratio estimation, an excitation wavelength of 785 nm was used. The peak area ratio D/G was the average of 3-4 spectra taken at different spots on each sample. Analysis of spectra was performed with the use of Renishaw Wire2 software. Raman spectra of CNT/polyamide composites and microcapsules were taken using an excitation wavelength of 514 nm.
Thermogravimetric analysis (Netzsch STA 449C) was carried out under an oxidising atmosphere (in air) with a flow rate of 30 sccm.
SEM images of microcapsules were taken on a Philips XL30CP instrument equipped with a tungsten filament as electron beam source; the samples were gold coated prior to SEM imaging.
Results and discussion
The Additionally, according to Vis-NIR absorption spectra, EDA grafted SWCNT show higher solubility in DMF than pristine SWNT material. †
In the presence of terminal amino groups on the surface of EDA grafted MWCNT one could expect better CNT dispersibility in a polymer matrix 6, 79, 80 , especially in the case of in situ polycondensation of derivatives of polycarboxylic acids with polyamines due to direct chemical integration. Therefore, we compared the behaviour of EDA grafted MWCNT and pristine MWCNT for their ability to form homogeneous polyamide composites. The measurements of Raman spectra from the microcapsule shells required the use of microscope objectives with narrow depth of field (i.e. with high magnification and large numerical aperture); otherwise, in most cases, only the spectrum of toluene, filling the microcapsules 81 was recorded.
It was reported 81 that a similar method of microcapsule preparation in the presence of pristine MWCNTs resulted in encapsulation of CNT material inside microcapsules. In such systems a cargo-release mechanism was based on increased pressure inside the microcapsule causing the shell to burst open, triggered by the heating of pristine MWCNTs due to laser irradiation 81 . Contrary to that, the use of MWCNT-EDA material yielded microcapsules with the shell built of MWCNT-polyamide composite with MWCNT content of 1.2 -1.4% (according to the load of reagents and process stoichiometry). We anticipate that the functionalised MWCNTs covalently bound in the microcapsule shells may enable its opening independently of the medium inside the microcapsule and, thus, avoiding significant heating of the microcapsule cargo.
Conclusions
In conclusion, we have shown the possibility of a simple one-pot sidewall functionalisation of MWCNT and SWCNT with Li-EDA in EDA solvent under moderate heating. In contrast, Li-EDA in EDA solvent at room temperature as well as pristine EDA (without Li) at elevated temperatures affects only existing defect sites on MWCNT walls. The direct one-pot MWCNT reaction with EDA moieties provides good surface coverage and may be used as a simple alternative to existing methods for attaching multifunctional groups onto carbon nanotubes. The presence of terminal amino groups in CNT-EDA was utilized in the formation of CNTpolyamide composite materials with uniform CNT distribution in the polymer matrix and preparation of microcapsules with CNT-polyamide composite shells.
